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THE COMBINED EFFECT OF CORROSION AND STRESS
CONCENTRATION AT HOLES AND FILLETS IN
STEEL SPECIMENS SUBJECTED TO RE-
VERSED TORSIONAL STRESSES
I. INTRODUCTION
1. Preliminary.-There are many conditions of service under which
parts of actual machines or structures may be expected, while in
operation, to withstand a large number of cycles of stress, and in which
they may be exposed at times to the action of a corrosive liquid. Most
of these load-resisting members necessarily contain abrupt changes
in shape or cross-section and at these points localized stresses are de-
veloped; furthermore, these localized stresses cannot be computed
satisfactorily by the use of ordinary formulas of mechanics. Serious
failures of many machine parts have occurred, such as failures of large
tail shafts of ships, that apparently were due to the combined action of
corrosion and localized stress. The investigation herein reported deals
with an experimental study of the localized stress produced by holes
or fillets, and the additional damaging effect caused by corrosion, in
steel specimens subjected to completely reversed cycles of torsional
stress. Three different kinds of steel were tested, a low-carbon steel
(S.A.E. 1020), a rail steel, and a chrome-nickel alloy steel (S.A.E.
3140); the alloy steel was tested as received (hot-rolled) and in a
heat-treated condition (quenched and tempered).
2. Significance of Localized Stress.-For a number of years engi-
neers have realized that localized stresses, frequently called stress con-
centrations, occur at abrupt changes in cross-section, such as holes,
fillets, keyways, etc., in load-resisting members.
If a member is made of a ductile material and is subjected to static
loading conditions, these stress concentrations usually are not of sig-
nificance in causing failure; the small amount of overstressed material
yields and thus redistributes the stress more favorably throughout the
member. When the member is subjected to cycles of repeated loads, or
if it is made of a brittle material and subjected to static loads, these
localized stresses may be the significant stresses, that is, the stresses
which are associated with structural damage to the member if the
loads are excessive.
It has been estimated* that at least 80 to 95 per cent of all failures
in machine parts (such as those in automobiles, locomotives, airplanes,
*"Present-Day Knowledge of Fatigue," Proc. A.S.T.M. Vol. 30, Part I, p. 261.
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electrical generating units, etc.) are due to progressive fractures
(fatigue failures) caused by repeated cycles of stress in these mem-
bers. Nearly all fatigue fractures of machine parts start at points of
stress concentration that occur at external or geometric discontinuities
in the shape of the member. These abrupt changes in the shape of the
member are frequently referred to as "stress raisers."
Numerous attempts have been made to determine the magnitude of
the maximum stress at the edge of a hole or fillet by means of mathe-
matical analyses or by using analogies based on the theory of elas-
ticity.* The value of the localized stress determined by these theoretical
methods is usually greater than the values obtained in laboratory tests
of actual metal specimens subjected to repeated loads. Apparently the
assumptions on which the elastic theory is based are not fulfilled by
the actual material in the region of a stress raiser on the surface of
laboratory specimens or models in tests closely simulating service
conditions. The effective or significant value of the concentrated stress
for a given loading is influenced to some extent by the constitution and
structure of the material of which the member is made, as well as by
the geometric shape of the member.t The stress-raising effect of an
abrupt change in shape of a member seems also to depend, to some
extent, on the over-all size of the member. Therefore, it is important
that further laboratory investigations be conducted to determine the
significant value of the maximum localized stress which occurs at holes,
fillets, etc. in models made of metals which are commonly used in
commercial practice.
3. Effect of Corrosion on Strength of Steel.-Only during recent
years has the great amount of damage produced in metals by the
simultaneous action of repeated stress and corrosion been recognized
and evaluated quantitatively. Evidence presented by various investi-
gators: shows that many metals subjected to corrosion prior to re-
peated stressing are not damaged as seriously as the same metals sub-
jected to repeated stress while in the presence of a corroding medium.
The reduction in cross-section, and the actual visible corrosion in
specimens that fail in corrosion-fatigue are negligible; the damage is
*See for instance:
Howland, R. C. J., "On the Stresses in the Neighborhood of a Circular Hole in a Strip
Under Tension," Phil. Trans. Royal Society, London, A, Vol. 229, pp. 49-86.
Weibel, E. E., "Studies in Photo-elastic Stress Determination," Trans. A.S.M.E. (APM-
56-13) Aug. 1934, Vol. 56, No. 8.
Jacobsen, L. S., "Torsional Stress Concentrations in Shafts of Circular Cross-Section and
Variable Diameter," Trans. A.S.M.E., Vol. 47, No. 1958, p. 199.
tFor an extensive bibliography on localized stress and fatigue testing see MacGregor, R.
A., Burn, W. S., and Bacon, F., "The Relation of Fatigue to Modern Engine Design," Trans.
Northeast Coast Inst. of Engineers and Shipbuilders, Vol. LI. 1934-35, p. 219.
tFor a bibliography on corrosion-fatigue see Gough, H. J., "Corrosion-Fatigue of Metals,"
Jour. Inst. of Met., 1932, No. 2, p. 17.
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due to minute sharp pits formed in the surface of the member. Because
of the increased stress concentration produced at the bottom of the
corrosion pits the actual stress may exceed the endurance limit of the
material and start a fatigue crack that will eventually, provided there
are a sufficient number of repetitions of stress, lead to complete frac-
ture of the specimen.
When corrosion is produced by a stream of fresh water flowing over
the specimens, a fairly definite corrosion-fatigue endurance limit exists,
at least for steel specimens as tested in the laboratory at high cycle
frequency. However, if the corrosion is caused by a salt solution,
Gough* has found that no definite endurance limit exists, but that
ferrous metals are likely to fail under any stress, however small,
provided there is a sufficient number of repetitions of stress.
The evidence seems to indicate that the corrosion-fatigue endurance
limit for all metals depends chiefly on their corrosion resistance rather
than on their physical properties.
4. Purpose of Investigation.-If the stress in a member plays some
part in the damaging effect produced by corrosion, the question arises
as to whether the effect of a localized stress produced by an abrupt
change in shape of the member, and a simultaneous corrosive action on
the member, are cumulative in reducing its fatigue strength.
The purpose of the investigation herein reported was to determine
the additional reduction of fatigue strength caused by applying a
stream of fresh water on steel specimens containing holes or fillets,
while they were being subjected to completely reversed cycles of
torsional stress, over that caused by the stress concentration at the
holes or fillets in the absence of a corroding medium other than air.
A secondary purpose of these tests was to provide some additional
data on the stress concentration produced by a hole or fillet in mem-
bers made of several different steels when the members were subjected
to completely reversed cycles of torsional stress. The few data avail-
ablet involving this type of stressing action indicate that the effective
value of the localized stress is much lower than the theoretical values
obtained from the theory of elasticity.
5. Acknowledgments.-The investigation has been carried on as a
part of the work of the Engineering Experiment Station of which
DEAN M. L. ENGER is the director, and of the Department of Theo-
retical and Applied Mechanics of which PROF. F. B. SEELY is the head.
*Gough, H. J., and Sopwith, D. G., "Some Comparative Corrosion-Fatigue Tests Employ-
ing Two Types of Stressing Action," Jour. Iron and Steel Inst. No. I, 1933, p. 301.
tSee footnotes pp. 26 and 27.
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Appreciation is expressed for the generous cooperation of PROF.
H. F. MOORE and MR. N. J. ALLEMAN in making available the equip-
ment of the Fatigue Laboratory used in this investigation, and for the
assistance of MR. R. E. CRAMER in obtaining photomicrographs of the
various materials tested.
Some of the tests herein reported were made by MR. DALE D.
STREID, a senior student at the University of Illinois, in satisfying the
requirement for thesis work for the degree of Bachelor of Science in
Mechanical Engineering.
II. METHOD OF TESTING
6. Experimental Procedure.-The repeated-stress (fatigue) method*
was used in the tests herein described to determine the stress concen-
tration produced by holes or fillets in specimens tested in air and in
water, when subjected to completely reversed cycles of torsional stress.
Specimens with holes or fillets were made of four different steels;
from the same materials were also made specimens of simple shape in
which the stress due to a given twisting moment could be computed
satisfactorily. These specimens were then subjected to repeated stress-
ing in ordinary fatigue tests and the endurance limitt of each type of
specimen was determined when tested in air, and when tested with a
stream of fresh water flowing on the specimen.
The nominal stress in all members was calculated by using the
torsion formula s = Tc/J, in which s is the shearing stress in pounds
per square inch, T is the maximum applied twisting moment in inch-
pounds, c is the radius of the specimen in inches, and J is the polar
moment of inertia of the solid circular cross-section. In computing the
values of the stress for the specimens with transverse holes, no allow-
ance was made for the material removed to form the hole; no mathe-
matical analysis is available which would indicate how the shearing
stress in such a section varies with the dimensions of the area.
Three repeated-torsion testing machines were used in making the
fatigue tests; each machine had a capacity of 300 inch-pounds twist-
ing moment.T One of the torsion machines is shown in Fig. 1. These
*For a description of this method see Seely, F. B., "Advanced Mechanics of Materials,"
tThe term "endurance limit" is defined in the investigation herein reported as the maximum
stress (as calculated by the ordinary formulas of elementary mechanics) which the member
will withstand without failure when subjected to an indefinitely large number of cycles of com-plete reversals of stress. This stress is scaled from an S-N diagram (see Figs. 8 to 13) as the
ordinate to the horizontal asymptote of the plotted data.
JFor a description of these machines see "Repeated-Stress (Fatigue) Testing MachinesUsed in the Laboratory of the University of Illinois," Univ. of Ill. Eng. Expt. Sta. Cir. 23, 1934.
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FIG. 1. REPEATED TORSION MACHINE SET UP FOR CORROSION TEST
machines are adjusted to produce a controlled angular rotation of one
end of the specimen; to the other end of the specimen is attached a
calibration bar through which the torque is transmitted. This bar is
calibrated by attaching a lever arm, loading it with standard weights,
and noting the twist of the bar as read on Ames dials attached to it.
When determining the twisting moment in a specimen, the machine is
turned slowly by hand, and the maximum dial readings are taken as a
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TABLE 1
AVERAGE CHEMICAL CONTENT OF WATER USED FOR CORROSION
Approximate pH factor = 7.6
Chemical Content Parts per Million
Sodium Nitrate, NaNOas..................................... 2.6
Sodium Sulphate, NasSO< .................................... 7.1
Sodium Carbonate, NaiCOsa.................................. 63.6
Ammonium Carbonate, (NH 4)2 COaS........................... 6.7Magnesium Carbonate, MgCOs .............................. 102.8
Calcium Carbonate, CaCOs .................................. 153.1
Silica, Si O. ................................................ 14.0
direct measure of the torque transmitted through the specimen. Once
the machine is adjusted and started the specimen is subjected to a
torque, which may be varied from a complete reversal to a torque in
one direction only, the maximum angle of twist being kept constant
throughout the test. These fatigue machines were operated at the rate
of about 1400 cycles of stress per minute, and had an electric cut-off
device to stop the machine when the specimen broke. All tests were
conducted with the machines adjusted to produce completely reversed
cycles of twisting moment in the specimens.
The arrangement used to apply a small stream of water on the
specimens in the corrosion-fatigue tests is shown in Fig. 1. Water was
siphoned from a 5-gallon glass carboy, through a small rubber hose,
and emerged from a glass nozzle on to the specimen. In order to spread
the water over a relatively large area on the specimen a small piece
of coarse cheese cloth was placed on top of the specimen in many of
the tests. The water was drained into another container and discarded.
Approximately 5 gallons of water flowed over each specimen in 24
hours, the containers being refilled every day. In every corrosion test
the fresh water used on the specimens was taken from the mains of
the water supply system of the University of Illinois.
This water is obtained from deep wells and has a chemical content
which varies little throughout the year from that given in Table 1.
No data were available on the amounts of dissolved oxygen and free
chlorine in the water, but it is known that these vary somewhat
throughout the year. The temperature of the tap water is usually
about 63 deg. F., but the temperature of the water in the glass carboys
usually rose somewhat during each day. In the winter months the
maximum temperature of the water on the specimen was probably
about 72 deg. F., but on extremely hot summer days it may have risen
to as high as 95 deg. F.
All specimens used in the corrosion-fatigue tests were carefully
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TABLE 2
HEAT ANALYSES OF STEELS TESTED
Chemical Analysis, per cent
Material Bar
No.
C Mn P S Si Ni Cr
S.A.E. 1020" A 0.15-0.25 0.30-0.60 0.045 0.055 ..... .....
steel max. max.
Rail steel
(from 130-lb.
rail) R 0.78 0.70 0.018 0.040 0.22 .....
S.A.E. 3140 C
steel D 0.37 0.75 0.017 0.030 0.178 1.33 0.65E
*No analysis available; values given are S.A.E. specifications.
cleaned and washed in gasoline, and also with soap and hot water, to
remove all traces of oil from the surface before testing.
From the results of the series of tests in air and of the series with
the specimen in water, the reduction in strength caused by a hole or
fillet alone, or by corrosive action alone, could be determined. Further-
more, the reduction in strength due to the combined effect of corrosion
and localized stress could be found.
III. MATERIALS AND SPECIMENS USED
7. General Properties of Materials Used.-Three different metals
were used in the investigation; namely, S.A.E. 1020 steel, rail steel,
and S.A.E. 3140 steel. The chemical compositions of these steels as
taken from the heat analyses are given in Table 2.
All specimens of the low carbon (S.A.E. 1020) steel were cut from
a single bar of the material, 7/ in. in diameter, and tested in the hot-
rolled condition as received. Those of the rail steel were cut from
adjacent sections of the head of a standard 130-lb. rail. The chrome-
nickel (S.A.E. 3140) steel was obtained in three bars, 7 in. in
diameter, from the same heat of material. Some specimens of this steel
were tested in the hot-rolled condition and some were tested in a heat-
treated (quenched and tempered) condition.
The heat treatment given this chrome-nickel steel consisted of
heating to 1510 deg. F. for twenty minutes, quenching in light oil at
85 deg. F., tempering in a salt (NaNO,-KNO3) bath for about half an
hour at 920 deg. F. and cooling in air. This treatment has been used
in engineering practice on machine parts to produce a strong, yet tough
and ductile material, having a Brinell hardness of about 300.
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FIG. 3. LOWER PORTION OF STATIC TORSION STRESS-STRAIN CURVES
FOR S.A.E. STEELS USED IN INVESTIGATION
The photomicrographs in Fig. 2 show the characteristic structures
of the metals in the condition as tested. The low-carbon steel (Fig.
2a) is mainly ferrite with grains of pearlite showing in the darker
areas. The rail steel (Fig. 2b) is nearly of the eutectoid composition,
and shows a structure which is almost entirely pearlitic when viewed at
high magnification (x2000). The hot-rolled chrome-nickel steel (Fig.
2c) is composed of medium to large sized grains of pearlite and ferrite,
while the same steel after heat treatment (Fig. 2d) shows a very fine-
grained troostitic-sorbitic structure, with traces of free ferrite showing
at high magnification (x2000).
(d)
FIG. 2. PHOTOMICROGRAPHS OF STEELS TESTED
(a) S.A.E. 1020 steel, hot-rolled (X 400, etch 2% Nital).
(b) Rail steel, hot-rolled (X 2000, etch 2% Pical).*
(c) S.A.E. 3140 steel, hot-rolled (X 400 etch 2% Nital).
(d) S.A.E. 3140 steel, quenched and tempered (X 2000, etch 2% Nital).
*Micrograph furnished by R. E. Cramer, Univ. of Ill.
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Figure 3 shows the lower portion of the static torsion stress-strain
curves for these S.A.E. steels, as obtained from hollow specimens of the
type shown in Fig. 4d. It will be noted that the low-carbon steel has a
definite yield point, and that the proportional limit is practically the
same as the yield point stress. The chrome-nickel steel, however, does
not have a definite yield point, and the proportional limit found is far
below its yield strength* as determined for 2/o per cent offset. The
endurance limits for these materials, and the broken lines shown in
Fig. 3, will be discussed in a later paragraph.
The physical properties of the various steels were determined and
are listed in Table 3. It is interesting to note that the heat-treated
S.A.E. 3140 steel has an extremely high static elastic strength in pro-
portion to its ultimate strength. All endurance limits on the low-
carbon steel and the rail steel were determined for at least 20 million
cycles of stress, while for the chrome-nickel steel the endurance limits
could be determined fairly accurately using a total of at least 10
million cycles.
In choosing materials for these tests it was thought that these steels
have properties sufficiently varied to show the influence of any im-
portant variation in properties on the combined fatigue effects of
corrosion and stress concentration.
8. Form and Dimensions of Specimens.-The general details of the
test specimens are shown in Fig. 4. The type of specimen shown in
Fig. 4(a) of solid cross-section, and free from abrupt change in shape,
will be referred to in subsequent paragraphs as the "solid" specimen.
The diameter "d" of the solid specimen was varied from 0.360 in. to
0.280 in., depending on the strength of the material, in order to keep
the loading range within the capacity of the testing machine. The
nominal diameter "d" of the specimens with a transverse hole was
0.40 in. for all tests, and three sizes of hole diameter a were used;
namely, a = 0.04 in., a = 0.07 in., and a = 0.10 in. For the heat-treated
specimens, the diameter d was made 0.380 in., and the diameter of the
hole was decreased to keep the ratio of a/d = 0.10.
The surface of all specimens except those with fillets was polished
with No. 00 emery paper to remove all scratches and tool marks. In
the specimens with a transverse hole this polishing operation rounded
off the sharp edge of the hole very slightly.
The specimens with fillets had the large diameter D = 0.75 in. in
all cases; the small diameter, d, was 0.375 in. for the S.A.E. 1020 steel,
*See A.S.T.M. Standards, E6-36.
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FIG. 4. DETAILS OF TEST SPECIMENS
and 0.300 in. for the S.A.E. 3140 steel. An attempt was made to ma-
chine a sharp corner (fillet with zero radius) in some of the specimens
of the hot-rolled chrome-nickel (S.A.E. 3140) steel, and a fillet of 0.02
in. radius in some other specimens of the same material. Upon exam-
ining sections of these specimens in a metallurgical microscope it was
found that the radii of the sharp fillets in the three groups of specimens
(for the three materials tested) were approximately 0.002 in., 0.0026
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FIG. 5. TYPES OF FAILURE IN SPECIMENS TESTED IN AIR
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FIG. 6. TYPES OF FAILURE IN SPECIMENS TESTED IN WATER
in., and 0.008 in.; this unavoidable difference was caused by re-grind-
ing the cutting tool for each new set of specimens. All specimens with
fillets were finished by filing, and were tested without subsequent
polishing. It was felt that these sharp corners could not be polished
successfully, and would not be so finished in an actual machine part.
The actual dimensions a, d, and r, shown in Fig. 4, are listed in
Table 4 with the final test results obtained from each group of speci-
mens. An attempt was made to keep the ratios of a/d equal to 0.10,
0.175, or 0.25 in the specimens with holes, and to maintain a ratio of
D/d equal to 2.0 or 2.5 in the specimens with fillets.
IV. TEST DATA AND DISCUSSION OF RESULTS
9. Types of Failure of Specimens.-Fatigue cracks which are repre-
sentative of the types of failure obtained in specimens tested in air are
shown in Fig. 5, and those obtained in specimens tested in water are
shown in Fig. 6. It will be noted that the failures of all specimens with
holes or fillets, or that were subjected to corrosion, followed helicoidal
paths approximately along planes of maximum tensile stress in the
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member. The failure of the specimens of the S.A.E. 3140 steel that
were free from abrupt change in section and that were tested in air
usually started as a longitudinal shear failure, but after a crack formed
it had a tendency to develop in a fork and to extend along diagonal
lines, as shown in Fig. 5. When the specimens were subjected to the
corrosive action of water, however, all failures occurred on diagonal
lines as shown in Fig. 6. These facts are in agreement with the studies
of Southwell and Gough* in which they found that when no localized
stress was present in the member a shear failure occurred in low-
carbon steel specimens subjected to repeated torsional stress, but that
when stress concentrations were developed (due to flaws in the
material or to abrupt change in shape of the member) a helicoidal
fracture resulted, with the failure progressing approximately on planes
of maximum tensile stress. This helicoidal type of fracture is char-
acteristic of a tensile failure in members subjected to torsional loads.
Figure 7 shows a photomicrograph of two fatigue cracks AB and
CD starting at the edge of a sharp fillet (having a radius of approxi-
mately 0.008 in.) in the hot-rolled chrome-nickel steel. It may be
observed that the fillet has a rough jagged appearance when examined
at high magnification (x400), although to the naked eye the fillet ap-
peared to be a continuous sharp corner. These fatigue cracks appar-
ently progress without much respect to grains or grain boundaries but
develop in general along planes of maximum tensile stress. The final
failure of specimens with fillets usually consisted of a number of cracks
radiating diagonally from the fillet along the shank of the specimen,
and intersecting to give a saw-tooth appearance in the final fracture.
Most of the specimens with the small hole (a/d - 0.10) that were
tested in air failed on a single plane, and those with the large hole
(a/d = 0.25) failed on two planes, as shown in Fig. 5. A curious
phenomenon occurred in two of the specimens of the low-carbon
(S.A.E. 1020) steel that had a transverse hole for which a/d = 0.25,
and which were tested in air. It was observed that after several million
cycles of stress a small fatigue crack had appeared on these specimens,
which gradually developed during about ten million subsequent cycles
of stress. (This gradual development of a crack made it necessary to
readjust the eccentric cam of the machine several times to keep the
torque up to the original value). Then for some unknown reason the
crack stopped spreading, and did not develop farther into the member
even though the specimens were subjected to as many as 35 million
*R. V. Southwell and H. J. Gough, "On the Concentration of Stress in the Neighborhood
of a Small Spherical Flaw; and on-the Propagation of Fatigue Fractures in 'Statistically Iso-
tropic' Materials," Philosophical Magazine, Vol. i, Jan., 1926.
FIG. 7. PHOTOMICROGRAPH OF FATIGUE CRACKS STARTING AT FILLET
(X 400, etch 2% Nital)
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FIG. 8. S-N DIAGRAMS FOR REVERSED TORSION FATIGUE TESTS OF
HOT-ROLLED S.A.E. 1020 STEEL TESTED IN AIR
cycles of stress. The probable explanation is that the crack had
progressed into the enlarged cross-section away from the high concen-
tration of stress at the hole until it reached a region of relatively low
stress such that the stress even at the root of the crack was below that
required to propagate the crack. Perhaps the beneficial effects of
strain hardening caused by the localized slipping action at the end of
the cracks also played some part in preventing the development of
these cracks to a final fracture.
10. Test Data Gbtained.-The S-N curves shown in Figs. 8 to 13,
inclusive, give the individual results for each specimen tested in the
torsional fatigue tests. The ordinates in these figures give the nominal
maximum stress in the specimen as computed from the ordinary torsion
formula (s = Tc/J), and the abscissas represent the number of cycles
of completely reversed stress required to fracture each specimen. The
plotted points to which a small arrow is attached indicate specimens
which did not fail. Table 4 gives a summary of the data taken from
these curves. The first column of Table 4 indicates the type of speci-
men tested, and the next three columns give the important dimensions
of the specimens as tested. Columns 5 and 7 give the endurance limits
of the specimens tested in air, and of those tested in a stream of tap
of the specimens tested in air, and of those tested in a stream of tap
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water, respectively, when subjected to complete reversals of torsional
stress.
The results in Table 3 show that the heat treatment of the chrome-
nickel- steel was not as effective in increasing its endurance strength
under reversed cycles of torsional load as it was in increasing its static
elastic strength properties. For example, the endurance limit was
raised only about 27 per cent (from 44 000 to 56 000 lb. per sq. in.)
So/id, Spec/1, en, d=0.320 /I7.
d=0.300/7?., r-O1c/?7., D=0Z.
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whereas its static elastic streng with F/was more than doubled (raised from
74 000 to 153 000 b. per s. in.). However, the endurance limits in.
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FIG. 12. S-N DIAGRAMS FOB REVERSED TORSION FATIGUE TESTS OF HOT-ROLLED
S.A.E. 3140 STEEL TESTED IN STREAM OF TAP WATER
whereas its static elastic strength was more than doubled (raised from
74 000 to 153 000 lb. per sq. in.). However, the endurance limits in
reversed torsion varied almost in proportion to the static ultimate
shearing strength, which was increased about 30 per cent by the heat
treatment. The static ultimate shearing strength of the steels was
determined by using hollow specimens of the type shown in Fig. 4d.
While the fatigue tests were in progress it was noticed that during
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QUENCHED AND TEMPERED S.A.E. 3140 STEEL
the test of a specimen- of rail steel, or of the hot-rolled chrome-nickel
steel, the torque on the specimen in most cases increased slightly dur-
ing the first few million cycles of stress. This was also true of the
specimens with a hole or fillet, even though the eccentric cam of the
machine continued to transmit the same angle of twist to the specimen
throughout the test. Unless the machine was readjusted, this torque
sometimes increased as much as 5 per cent during the first two million
cycles of stress, but usually changed little after that. Since these
specimens evidently transmitted more torque with the same angular
twist they must have become stiffer during this time. The explanation
of this phenomenon probably is connected with the fact that the
stress-strain curve for the hot-rolled chrome-nickel steel (see Fig. 3)
shows that both the proportional limit and the yield strength of this
material were below the endurance limit. Probably the material
receiving the greatest stress, (that near the surface, or at points of
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localized stress) was being cold worked and the accompanying strain
hardening raised the proportional limit to some value above the stress
which was developed in the material during the first few cycles of
the test.
In Fig. 3, a broken line AB has been sketched which represents a
possible stress-strain curve for the chrome-nickel steel after cold
working at a stress corresponding to the point C on the original curve.
After strain hardening has occurred the actual stress developed in the
material for the same unit deformation would be that corresponding to
the ordinate at D, representing an increase in the actual stress equal to
the value of this increase in ordinate, CD. Thus, for the same amount
of strain, the actual stress in the outer fibers of the specimen was
increased, and a greater torque was therefore transmitted through the
specimen for the same angle of twist.
When testing specimens of the low-carbon steel, however, the
torque had a tendency to fall off slightly in some cases, necessitating a
slight readjustment of the machine after several hours of test. This
was especially true of the members with a hole or fillet when subjected
to relatively high stress.
11. Meaning of Stress Concentration Factor.-As found by the
repeated stress method, the stress concentration factor for a fillet or
hole, or similar abrupt change in shape of a member (called a stress
raiser), is the ratio of the endurance limit of a member having no
abrupt change in section and tested in air, to the endurance limit of a
member having the stress raiser. Thus the stress concentration factor,
given in Table 4 for holes and fillets, may be regarded as the factor by
which the nominal stress, as calculated by the ordinary torsion formula
(s = Tc/J), must be multiplied to obtain the value of the maximum
torsional stress which can exist in the specimen at the hole or fillet
without having a crack start and spread to rupture if the stress is
repeatedly reversed. The values of the stress concentration factor, K,
obtained for the specimens tested in air are shown in column 6 of
Table 4, and the values of the stress concentration factor for the speci-
mens subjected to corrosion are shown in column 8. These latter
values were computed by dividing the endurance limit of the specimens
having no abrupt change in shape and tested in air, by the endurance
limits given in column 7 for the specimens tested in tap water.
As a convenient index of the increase in the effective value of the
stress concentration produced by corrosion on members containing
abrupt changes in section, the values of a stress concentration factor
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"C", due to corrosion only, were computed. This factor is defined as
the ratio of the endurance limit of a specimen tested in air to the
endurance limit of the same type of specimen tested in the tap water.
For example, the values shown for C in column 9 of Table 4 were
computed by dividing column 5 by column 7.
A distinction should be made between the value of the localized
stress obtained for an ideal material by mathematical or other
theoretical methods and the stress concentration that is effective or
significant in producing damage to the material in an actual member
as used in service. The value of the localized stress determined by
theoretical (mathematical) methods is affected only by the change in
form of the member, whereas that determined by the repeated-stress
(fatigue) method, is also influenced to some (unknown) extent by the
inherent properties of the material, and by localized readjustments
which occur due to the heterogeneity of the actual material.*
12. Analysis of Results on Specimens Tested in Air.-
Holes in Torsion Specimens
The ideal or mathematical value of the maximum tensile stress at
the edge of a small hole in a torsion specimen is about four times the
value of the stress that would exist at the point if no hole were
present;t that is, the maximum theoretical stress concentration factor
K is nearly four, depending somewhat on the size of the hole in relation
to the diameter of the specimen.
The values obtained in the tests herein reported for the effective
stress concentration factor K for a small transverse hole (listed in
Table 4) vary from 1.31 to 2.26 depending on the type of material
tested. These results would indicate that the effective value of the
stress concentration factor for the tensile stress at the edge of a hole
in a steel torsion member is only about one-half the theoretical value,
at least for small members (laboratory specimens); in no case did the
effective value exceed 0.57 of the theoretical value of 4. Similar con-
clusions had also been reached as the result of previous tests employ-
ing the "Plaster-Model" methodS of determining localized stresses.
The available data on the stress concentration factors for holes in
torsion members are listed in Table 5. Results reported by Arm-
*See the author's discussion to an article by Peterson and Wahl, Trans. A.S.M.E., Jour.
App. Mech. Vol. 3, No. 4, December 1936, p. A-146.
tS. Timoshenko, "On Stresses in a Plate With a Circular Hole," Jour. Franklin Inst.,
Vol. 197. See also Seely's "Advanced Mechanics of Materials," Wiley and Sons, p. 219.
t"Stress Concentration at Fillets, Holes and Keyways as Found by the Plaster-Model
Method," Univ. of Ill. Eng. Expt. Sta. Bul. 276, 1935.
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TABLE 5
STRESS CONCENTRATION FACTORS FOR HOLES IN TORSION SPECIMENS TESTED IN AIR
Endurance
Specimen Diameter Stress Con- Limit of
Diameter of Hole Ratio centration Material in
Material d a a/d Factor Reversed
in. in. K Torsion
lb. per sq. in.
Results from this Investigation
S.A.E. 1020 steel, hot-rolled... 0.400 0.04 0.10 1.31
0.400 0.07 0.175 1.43 20 100
0.400 0.10 0.250 1.62
Rail steel, hot-rolled......... 0.400 0.04 0.10 1.64 37 000
0.400 0.10 0.25 2.26
S.A.E. 3140 steel, hot-rolled... 0.400 0.04 0.10 2.00 44 000
0.400 0.10 0.25 2.25
S.A.E. 3140 steel, quenched
and tempered ............ 0.380 0.036 0.095 1.87 56 000
Results obtained by Armbruster
N-steel .................... 0.394 0.059 0.15 1.39 22 800
V-steel..................... 0.394 0.059 0.15 1.31 24 900
E-steel..................... 0.394 0.059 0.15 1.66 42 000
Results obtained by Mailander and Bauersfeld*
Cr-Ni-W steel .............. 0.55 0.078 0.14 1.60 39 800
Cr-Ni-W steel.............. 1.18 0.118 0.10 1.88 33 400
Cr-Ni-W steel.............. 1.77 0.197 0.11 1.74 28 400
Results obtained from "Plaster Model" method
Pottery Plaster. ............ 2 0.125 0.063 1.86 Tested in
2 0.25 0.125 1.89 static
2 0.50 0.250 2.12 torsion
*Allowance was made in these tests for the area removed by the hole; all other values in this table
were computed on the basis of the gross cross-section of the specimen.
bruster* show torsional fatigue stress concentration factors, K, ranging
from 1.31 to 1.66 for torsion specimens with transverse holes and made
of three types of steel. The values of K (also listed in Table 5) com-
puted from data obtained by Mailander and Bauersfeldt on a chrome-
nickel-tungsten steel having an average ultimate tensile strength of
131 000 lb. per sq. in., varied from 1.60 to 1.88 for specimens of differ-
ent overall dimensions in which the ratio of a/d was maintained at
nearly 0.10. It should be pointed out in connection with these results
that lower endurance limits were obtained for specimens cut from the
*Armbruster, E. "Einfluss der Oberflichenbeschaffenheit auf den Spannungsverlauf und die
Schwingungsfestigkeit," Ver. Deutsch. Ing. Verlag 1931.
tMailander, R. and Bauersfeld, W. "Einfluss der Probengrdsse und Probenform auf die
Dreh-Schwingungsfestigkeit von Stahl," Technische Mitteilungen Krupp, Vol. 2, Dec. 1934,
pages 143-152.
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same bar of material as the size of the specimen was increased.
Mailander and Bauersfeld made an allowance for the material removed
by the hole and computed the stresses from the reduced cross-section
of the specimen. If their stress computations had been based on the
gross area of the solid portion of the member (as are all other values
reported in Table 5) the result would have been to increase their
values for the stress concentration factors somewhat.
For comparison with the effective fatigue stress concentration
factors as obtained in actual metal specimens there are also listed (in
Table 5) the results of some previous tests employing models of brittle
material (pottery plaster) that were tested under static loading condi-
tions. In general it may be observed that these results agree fairly
well with those obtained in some of the fatigue tests on steels, but that
tests of plaster models under a single static load cannot be expected to
show the variations which might exist in the resistance offered by the
internal structure of different kinds of steel to the starting and spread-
ing of a fatigue crack.
The fatigue data obtained in the investigation herein reported are
apparently consistent with the results reported by others employing the
same type of stressing action. However, as indicated in Table 5, there
is a considerable variation between the various materials in their sensi-
tivity to the damaging effect produced by a transverse hole in the
specimen.
McAdam and Clyne have shown* that a fairly definite relation
seems to exist between the tensile strength of a material and its sensi-
tivity to the damaging effect produced by holes or other stress raisers.
Apparently the decrease-in fatigue limit of a member, due to an abrupt
change in form of the member, (the "notch-sensitivity"), is greater for
higher-static-strength steels than for the lower-strength steels. Figure
14 shows the manner in which the effective stress concentration factor
(for holes in laboratory specimens as obtained from reversed torsional
fatigue tests) increases with increased tensile strength of the material.
Data taken from Armbruster's work are included in the curve for
a/d,= 0.10, although the value of a/d for his tests was 0.15. It may
also be noted that the larger hole (a/d = 0.25) produces a larger stress
concentration factor, which is contrary to the mathematical theory.
However, this may be expected, because no adjustment was made, in
calculating the nominal stress in the region of the hole, for the larger
amount of material removed from the specimen.
*McAdam, D. J. and Clyne, R. W., "Influence of Chemically and Mechanically Formed
Notches on Fatigue of Metals," Bureau of Standards, Jour. of Research, RP725, Vol. 13, Oct. 1934.
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Fillets in Torsion
Table 6 shows values from which a comparison can be made
between the theoretical values, and the damaging or effective values,
of the stress concentration factors for fillets in specimens subjected to
completely reversed cycles of torsional stress. The theoretical values
of the shearing stress concentration factor K at the fillets in the
torsion specimens were scaled from curves taken from the work of
Jacobsen.* These data were obtained by use of the "electric analogy"
method and they represent values computed from an experimental
solution of the differential equations for the shearing stresses as ob-
tained from the theory of elasticity. To satisfy the condition of
equilibrium, the maximum shearing stress at any point in a member
subjected to pure torsion must be equal in intensity to the maximum
tensile unit stress which occurs at the same point. Thus for members
stressed in torsion the stress concentration factor for maximum tensile
*Jacobsen, L. S., "Torsional Stress Concentrations in Shafts of Circular Cross-Section and
Variable Diameter," Trans. A.S.M.E., Vol. 47, No. 1958, p. 199.
-1-- Hol
L7of,%=o
Specimen wi/h Ho/e,,_
Spcfret'en wh
/ - -
-7
1r
a=O.101., =-
f
J
I
PI ·
ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 6
STRESS CONCENTRATION FACTORS FOR FILLETS IN TORSION SPECIMENS TESTED IN AIR
Minimum Stress Con- The
Material Diameter Ratio Ratio centration Theoreticald D/d r/d Factor Value of
in. K
Results from this Investigation
S.A.E. 1020 steel, hot-rolled... 0.375 2.0 0.005:
S.A.E. 3140 steel, hot-rolled... 0.300 2.5 0.027
0.300 2.5 0.067
S.A.E. 3140 steel, quenched
and tempered ............. 0.300 2.5 0.008'
Results obtained by Armbruster
N-steel.................... 0.394 1.4 0.17 0.96 1.45
N-steel.................... 0.394 1.4 0.03 0.99 2.36
E-steel .................... 0.394 1.4 0.17 1.11 1.45
E-steel................... . 0.394 1.4 0.03 1.66 2.36
Results obtained by Mailander and Bauersfeld
Cr-Ni-W steel .............. 0.55 1.8 0.14 1.10 1.56Cr-Ni-W steel.............. 1.18 1.8 0.10 1.17 1.70
Cr-Ni-W steel.............. 1.77 1.8 0.11 1.03 1.65
*As obtained by Jacobsen using the "Electric Analogy" method.
stress should be the same as the stress concentration factor for
maximum shearing stress.
Table 6 also lists values of the stress concentration factor K com-
puted from data obtained by Armbruster* and by Mailander and
Bauersfeld* by the repeated-stress (fatigue) method for fillets in
specimens of several different grades of steel subjected to completely
reversed torsional stresses. These specimens with fillets were made of
the same steels as those reported by the same investigators in the
results of tests on specimens with holes that are listed in Table 5.
Here again Mailander and Bauersfeld have used stress raisers (fillets)
having approximately geometrically similar proportions, but in speci-
mens varying from 14 mm. (0.55 in.) to 45 mm. (1.77 in.) in diameter.
They found that the fatigue strength of the specimens with fillets, (as
well as those with holes) decreased considerably with the increase in
overall size of the specimen. However, there was a proportionate
decrease in the fatigue strength of the larger specimens with no stress
raisers, so that the stress concentration factors for the larger speci-
mens do not appear to be dependent on the size of the member.
*See footnote page 27.
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The corresponding values of K obtained by using the plaster model
method vary from 1.30 for a fillet in which d = 2 in., and r/d= 0, to
a value of 1.13 when r/d = 0.06. Apparently in the S.A.E. 1020 steel,
the chrome-nickel-tungsten steel, and the steel designated as "N",
the fillet had little or no effect in developing a damaging stress con-
centration; this is consistent with the results of the plaster model tests.
In the S.A.E. 3140 steel, and the steel designated as "E", the fillet pro-
duced a considerable increase in stress; nevertheless the effective
values of stress concentration factor are much lower than the
theoretical values in all of the test results.
The endurance limit obtained for the fillet having a radius of 0.02
in. in the chrome-nickel steel specimens appears to be lower than that
obtained for the sharper fillet in the same steel. It was found upon re-
calibration of the testing machines that the ball bearings had become
slightly worn, and were sticking in the machine in which the 0.02 in.
fillet specimens were tested. This probably put an increased torque on
the specimen which was not transmitted through the calibration bar,
and the observed torque was therefore smaller than that actually
resisted by the specimen. The result would be to lower the apparent
endurance limit. Therefore, it is felt that the true endurance limit for
the specimens with the 0.02 in. radius fillet should be slightly over
30 000 lb. per sq. in. As these specimens were the only ones tested in
this machine, no similar trouble was experienced with any of the
other tests.
It must also be remembered that the surface of the specimens with
a fillet was not polished as were the control specimens. The rough
surface left by tool marks would in itself cause some decrease in the
strength of these members. Previous investigations* have shown that
tool marks in the rough-turned surface of specimens subjected to
repeated cycles of bending stress will reduce the strength of the mem-
ber about 8 to 12 per cent for a low carbon steel, and about 18 per
cent for a sorbitic steel containing 0.49 per cent carbon. The circum-
ferential scratches left by tool marks in specimens subjected to re-
peated bending stresses are probably more damaging than the same
tool marks would be in specimens subjected to repeated torsional
stress. In specimens subjected to repeated torsion, the failure
progresses on planes making an angle of approximately 45 deg. with
the tool marks, while for specimens subjected to bending these
scratches coincide with the planes of maximum tensile stress, and are
*"An Investigation of the Fatigue of Metals," Univ. of Ill. Eng. Expt. Sta. Bul. 124, 1921.
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more likely to start a crack which will develop to failure. However,
if the same proportionate reduction in strength could be expected in
members stressed in repeated torsion as was obtained for repeated
bending, it would account for all of the decrease in strength of the
specimens of S.A.E. 1020 steel which had fillets, and for about half of
the decrease in strength of the S.A.E. 3140 steel specimens with fillets.
The results of the torsional fatigue tests on fillets indicate that the
effective value of the localized stress depends more on the surface
condition at the fillet and on the type and internal condition of the
steel of which the member is made than it does on the general geo-
metric form or relative sharpness of the fillet itself. The results of
theoretical values such as those found by the electric analogy method
therefore would seem to be of uncertain significance in predicting the
damaging stress concentration.
13. Analysis of Results on Specimens Tested in Water.-
Solid Torsion Specimens
The values (listed in column 9 of Table 4) of the stress concen-
tration factor C due to corrosion on the solid specimens (by which is
meant the specimen that did not have an abrupt change in shape)
increase considerably as the strength of the steel increases; in other
words, the higher-strength steels were damaged more than the lower-
strength steels. It is interesting to note that the torsional fatigue
strength of the low-carbon (low-strength) steel was practically un-
affected by the corrosion. Evidently this steel as used in these tests
was not sensitive to the corrosive action of fresh water, at least when
the cycles of stress were repeated at relatively high frequency (1400
cycles per minute). The chrome-nickel steel had the same corrosion-
fatigue endurance limit in both the hot-rolled and the heat-treated
conditions, even though the fatigue strength for specimens tested in air
was raised about 27 per cent and the static elastic strength of this ma-
terial was more than doubled by the heat treatment. McAdam has
found* that the corrosion-fatigue limit depends very little on the heat
treatment or on the physical strength properties of the material. For
a hard steel, (such as spring steel), he found the corrosion-fatigue
limit to be less than for the same material in the fully annealed con-
dition, and even less than for a low-carbon steel.
Some doubt has been expressed by various investigators as to
whether a true endurance limit actually exists for a member in cor-
*McAdam, D. J., "Stress and Corrosion," Internationella Kongressen for Teknisk Mekanik,
Stockholm. 1930.
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rosion-fatigue. It is felt that for any stress, however low, the corrosion
pits formed will gradually penetrate the specimen until the increased
stress at the root of these pits develops a crack that leads to a fatigue
failure; this view presupposes a long corrosion time, and an extremely
large number of repetitions of stress. It is felt, however, that the
apparent endurance limits (based on a minimum of 10 million cycles
of stress) as scaled from the S-N curves (Figs. 8 to 13) are sufficiently
significant values for practical comparison of the fatigue strengths of
different types of specimen subjected to corrosion-fatigue.
Holes in Torsion Specimens
The values of the stress concentration factor K (listed in column 8,
of Table 4) for holes in torsion specimens tested in water, are in every
case greater than the values of K found for the same specimens tested
in air. However, the values of the corrosion stress concentration
factor C (listed in column 9, of Table 4) show that the amount of
damage caused by the corrosion, in addition to the localized stress
caused by the hole, varied mainly with the material of which the
member was made. For the low-carbon steel the effect of corrosion was
negligible, while for the chrome-nickel steel the corrosion produced a
large additional reduction in strength of the member.
The stress concentration factor C for a hole in the chrome-nickel
steel in the hot-rolled condition was 1.63 as compared with 1.50 for the
same material when quenched and tempered. Evidently, the heat
treatment decreased the sensitivity of this material to the effect of
corrosion in combination with the localized stress produced by a hole
even though the corrosion-fatigue strength of the specimens free from
abrupt change in section was not raised by quenching and tempering
(32 500 lb. per sq. in. for both). However, this heat treatment did
not decrease the sensitivity of the material to the localized stress pro-
duced by a fillet, in combination with corrosive action, as is shown in
Table 4.
Although the endurance limit of. the chrome-nickel steel is from
two to three times that of the low-carbon steel for specimens without
stress raisers tested in air, the corrosion-fatigue endurance limits ob-
tained for these two steels from specimens with a hole that were sub-
jected to the corrosive action of fresh water are practically the same.
Consequently, it is probable that little advantage will be gained in at-
tempting to increase the strength of members with small transverse
holes that are subjected to many completely reversed cycles of tor-
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sional stress while operating in fresh water, by using more costly,
higher-strength, alloy steel.
Fillets in Torsion Specimens
For the steels tested in the hot-rolled condition very little de-
crease in the fatigue strength was caused by the action of water on the
specimens with fillets. In the case of the quenched and tempered
chrome-nickel steel, however, a marked decrease in the strength was
apparent; the additional concentration factor C due to the corrosion,
was 1.85.
During the first series of corrosion-fatigue tests with fillets in the
low-carbon steel (S.A.E. 1020) the stream of water was concentrated
on one-half of the specimen so that only one fillet was corroded. The
effect of the corrosion on this steel was so small that one of the speci-
mens broke at the fillet end which was not in contact with the water.
All subsequent tests (including all tests on the chrome-nickel steels)
were run with both fillets of the specimen immersed in the stream
of water.
As noted on a previous page the value of the endurance limit is
probably slightly in error for the specimens with the 0.02 in. radius
fillet in the S.A.E. 3140 steel, tested in air. It is felt that the correct
value for the corrosion concentration factor C should probably be
slightly over 1.0, as is the case with the sharper fillet in this same steel.
In general the test results show that the difference in the relative
sharpness and contour of the two fillets of different radii in specimens
of the hot-rolled chrome-nickel steel appears to have little effect on the
fatigue strength. For both of these fillets the endurance limits of the
specimens were practically the same whether tested in air or in water.
The conclusion is reached that, for the steels tested, the corrosion
produced by the fresh water used had practically no effect on the
reversed torsional fatigue strength of the specimens with fillets, except
in the case of the heat-treated steel.
Subsequent fatigue tests now in progress at the University of Illi-
nois in which S.A.E. 3140 steel is subjected to completely reversed
cycles of bending stress, show that for this type of stressing action
the fillet is more damaging than a small hole (a/d = 0.10) when the
specimens are subjected to corrosion. Furthermore, a heat treatment
which raised the endurance limit in reversed bending about 40 per cent
actually decreased the strength of the specimens with fillets, when
stressed in reversed bending while in contact with water. It has also
been noticed in these tests that the corrosion-fatigue endurance limits
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in reversed bending are not as sharply defined on the S-N curves as
they are for the same type of material stressed in reversed torsion.
That is, the curves do not have a sharp knee, or definite horizontal
asymptote.
14. Discussion of Results.-The tests herein reported are es-
sentially tests of models employing the repeated-stress (fatigue)
method on small specimens, and maintaining certain geometric pro-
portions in the models. It is not definitely known to what extent
the quantitative values obtained can be used in the design of large
machine parts.
Peterson and Wahl* have shown that there appears to be a definite
size effect influencing the localized stress (or the damaging value of
the localized stress) in specimens subjected to repeated bending
stresses not in the presence of a corroding medium, the stress concen-
tration factors increasing somewhat as the overall size of the member
is increased, even though geometric similarity of the members is
maintained.
They found that the effective stress concentration factors for holes
and fillets in large-diameter specimens of alloy steels subjected to com-
pletely reversed cycles of flexural stress closely approached the theo-
retical values obtained from photo-elastic analyses; for a 0.45 per
cent carbon steel the stress concentration factors increased with the
diameter of the specimen, but the values were not as high as those
obtained for the alloy steels. However, in obtaining the endurance
limit of the specimens free from stress raisers, Peterson and Wahl used
specimens of small diameter; there appears to be some indication
that the values of the endurance limit of some materials, obtained
from large-diameter specimens, may be considerably below that de-
termined for small specimens. Faulhabert has found a large decrease
in the flexural fatigue strength of various metals on changing the
specimen diameter from 7.5 to 27.3 mm. (0.295 to 1.07 in.). However,
Faulhaber's test results also show increased stress concentration fac-
tors at notches in the larger diameter bending specimens, even
though the decreased strength of the control specimens is taken into
consideration.
Mailander and Bauersfeld have reported tests showing (see
*Peterson, R. E. and Wahl, A. M., "Two- and Three-Dimensional Cases of Stress Concen-
tration and Comparison with Fatigue Tests," Trans. A.S.M.E. Jour. App. Mech. Vol. 3, No. 1,
March 1936.
tFaulhaber, R., "Uber den Einfluss des Probestabdurchmessers auf die Biegeschwingung-
sfestigkeit von Stahl," Mitteilungen aus dem Forschungsinstitut der Vereinigte Stahlwerke
Aktiengesellschaft, Dortmund, Vol. 3, 1932-1933, June, 1933, p. 154.
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Table 5) a decrease of from 21 to 29 per cent in the torsional fatigue
strength (for specimens free from abrupt changes in section subjected
to completely reversed cycles of torsional stress in air) of a chrome-
nickel-tungsten steel on increasing the diameter of the test specimen
from 14 mm. to 45 mm. (from 0.55 in. to 1.77 in.). They also found
that for specimens with holes, fillets, or keyways the percentage de-
crease in the torsional strength which occurred on increasing the di-
ameter of the specimen was about of the same magnitude as that ob-
tained in specimens without abrupt change in shape. Their results, at
least on the particular steel tested, indicate that there is no definite
effect of size on the effective stress concentration factor for certain
stress raisers in torsion members. Since the results reported by various
investigators are not in agreement, further investigation is necessary to
determine whether there might possibly be some size effect in torsion
(similar to that found by Peterson and Wahl for bending specimens)
in other steels commonly used in industry.
Since the damage caused by simultaneous stress and corrosion is
produced by minute pits on the surface of the specimen, it might be
supposed that this damage would not be as serious in large-diameter
members as it is in small models. Nevertheless, McAdam has shown*
that for steel the corrosion-fatigue limit is practically independent of
the diameter of the specimen. However, no data are available to indi-
cate whether there is any size effect influencing the strength of mem-
bers containing stress raisers and subjected to corrosion fatigue.
In discussing the mechanism of corrosion-fatigue Gough has sug-
gestedt that he "considers it very doubtful whether stress, as such,
is an important factor in corrosion-fatigue." A series of different
ferrous alloys of different strengths do not exhibit widely different
resistance to corrosion-fatigue, except where the alloying elements
produce increased resistance to corrosion. Apparently the effect of
stress is to render the material more susceptible to the corrosive attack
or pitting, but the rate of penetration of the corrosion is not necessarily
in proportion to the stress in the material. Thus localized stresses may
not, in many cases, be effective in increasing the damage produced by
corrosion. This is consistent with results on some of the members
herein reported, in which the stress concentration produced by a fillet,
rather than the corrosive effect, was the controlling factor in deter-
mining the strength of the member; the additional effect of the cor-
rosion played little part in damaging the member. The fillets on the
*McAdam, D. J. "Some Factors Involved in Corrosion and Corrosion Fatigue of Metals,"
Proc. A.S.T.M. Vol. 28, Part II, p. 117, 1928.
tGough, H. J., "Corrosion-Fatigue of Metals," Jour. Inst. of Met., 1932, No. 2, p. 17.
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specimens in these tests were left unpolished, and the rough scratches
left by the cutting tool in the surface of the specimens appear quite
jagged under the microscope (see Fig. 7). It may be possible that un-
polished fillets have a surface roughness or pitting similar to that
which would be produced by corrosive action on the surface of a
polished fillet. The surface effects produced by small rough pits may
be the main factors influencing the strength of a specimen; conse-
quently, little reduction in strength would be expected to be produced
by the additional pits caused by corrosion on these unpolished fillets
when tested in corrosion-fatigue.
An examination of the fractures which occurred in specimens that
were free from abrupt change in section and that failed in corrosion-
fatigue indicates that the damage produced by simultaneous corro-
sion and cyclic stress is caused mainly by the stress-raising effect of
the sharp corrosion pits formed in the polished surface. However, when
these corrosion pits are formed in the surface at an abrupt change in
the cross-section'of the specimen they probably will not produce the
same stress-raising effect that would occur in a member of constant
cross-section. For example, if the stress concentration factor for a
hole in a member tested in air is K1, and the factor of stress concen-
tration produced by corrosion pitting in a member free from abrupt
change in shape is K,, the effective stress concentration factor de-
veloped by both types of stress raiser acting simultaneously is some
value greater than either K, or K 2, but is usually less than the product
of K1 and K2. In other words the principle of superposition does not
apply. Similar conclusions have been formulated by others as a result
of experiments to determine stress concentrations in members tested
in air. For example, tests have shown* that the addition of a sub-
sequent external discontinuity in the region of an existing stress raiser
in a member does not necessarily increase the magnitude of the effec-
tive stress appreciably; on the contrary, it may in some casest actually
decrease the effective stress concentration. It must be remembered,
however, that for lower frequencies of the stress-cycle the corrosion
pits may proceed more deeply into the specimen before a sufficient
number of repetitions of stress have occurred to start a fatigue crack.
In this case the deep pits may be the controlling factor in determining
*For example, Moore, Lyon and Inglis found (Bulletin 164, Eng. Expt. Sta., Univ. of Ill.)
that the addition of a stress raiser such as a hole or groove in specimens of gray cast iron,
which already contained numerous stress raisers, (due to the presence of graphite flakes, flaws,
and inclusions) caused only a slight increase in the maximum effective stress in the specimens.
tMoore, R. R., ("Effect of Grooves and Corrosion in the Fatigue of Metals," Proc.
A.S.T.M. Vol. 26, Part II, p. 255) has shown that the flexural fatigue strengths of specimens
containing a single notch (groove) were not as large as those obtained for specimens contain-
ing many notches (in the form of a continuous screw thread).
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the effective concentration of stress, whereas in the tests herein re-
ported the holes and fillets apparently were the dominant stress raisers
in the specimens.
A great many more tests are required to give a complete summary
of the combined effect produced by corrosion and localized stress.
However, the results presented in Table 4 give a qualitative measure
of the actual damage caused by certain undesirable stress raisers in
torsion members. For small laboratory specimens tested in a stream
of tap water and subjected to repeated reversals of torsional stress,
it may be concluded that the quantitative value of the corrosion stress
concentration factor C depends on the type of external discontinuity
producing the localized stress as well as on the kind of material of
which the member is made.
In the design of machine parts which may at times be subjected to
a corrosive action many variables should be taken into consideration.
Some of the important variables which may modify the results found
in this investigation when applied to actual members are (a) the kind
of corroding medium and its temperature, (b) the overall size of the
member and the shape of its external discontinuities, (c) the range
of applied stress and the number of cycles of stress per minute, (d) the
surface finish of the member, (e) the kind of material involved, and
the amount of initial stress present in the material.
V. CONCLUSION
15. Conclusion.-The main object of the tests herein reported was
to determine whether the damaging effect of the corrosive action of
water flowing on fatigue specimens made of four different types of
steel and that had holes or fillets was cumulative with the damaging
effect of the stress concentration caused by the holes or the fillets, the
specimens being subjected to completely reversed cycles of torsional
stress. The water flowed on the specimens while they were being sub-
jected to the cyclic stress; thus the specimens were subjected to com-
pletely reversed torsional stress in the presence of the simultaneous
action of corrosion and the stress concentration resulting from abrupt
changes in section of the specimen.
In general the conclusion is reached that the corrosive effect of the
water on the specimens having holes and fillets decreased the torsional
fatigue strengths of all the steels tested below those obtained with
specimens of the same types tested in air.
However, the amount of damage added by the corrosive effect of
the water to that caused by the stress concentration at the holes and
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fillets varied greatly with the type of steel. The cumulative or ad-
ditional damaging effect of the corrosion was greatest for the chrome-
nickel heat-treated steel, whereas the damaging effect of the corrosion
on the low-carbon steel was negligible. Furthermore, the additional
damaging effect of the corrosion was, in general, greater for the speci-
mens with holes than for those with fillets. The quantitative values
are given in Table 4, on page 22.
A secondary object of the investigation was to determine the
effective fatigue stress concentration factors for holes and fillets in
laboratory specimens of the various steels when they were subjected,
in air, to completely reversed cycles of torsional stress, and to com-
pare these fatigue stress concentration factors with theoretical values;
there are relatively few experimental data giving information on this
topic. It was found that values of the torsional fatigue stress concen-
tration factors for the holes and fillets in the relatively small labo-
ratory specimens made of the four different steels as found from the
tests in air were, in all cases, considerably below the theoretical values.
Different values for the effective stress concentration factor were ob-
tained for each material tested. These facts are in agreement with the
few available results of other investigators. The quantitative results
obtained are given in Tables 5 and 6 on pages 27 and 30.
There are many variables entering into the design of metal mem-
bers subjected to fatigue under the simultaneous action of corrosion
and the localized stress resulting from abrupt change in contour of
the member, or under either action alone. Considerable judgment,
therefore, should be used in determining the significance of the effect
produced by changing any of the conditions under which the tests
herein reported were carried out.
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